Aims-To classify atherosclerotic coronary lesions on the basis of adequate or inadequate compensatory vascular enlargement, and to examine changes in lumen, plaque, and vessel volumes during balloon optimised directional coronary atherectomy procedures in relation to the state of adaptive remodelling before the intervention. Design-29 lesion segments in 29 patients were examined with intravascular ultrasound before and after successful balloon optimised directional coronary atherectomy procedures, and a validated volumetric intravascular ultrasound analysis was performed oV-line to assess the atherosclerotic lesion remodelling and changes in plaque and vessel volumes that occurred during the intervention. Based on the intravascular ultrasound data, lesions were classified according to whether there was inadequate (group I) or adequate (group II) compensatory enlargement. Results-There was no significant diVerence in patient and lesion characteristics between groups I and II (n = 10 and 19), including lesion length and details of the intervention. Quantitative coronary angiographic data were similar for both groups. However, plaque and vessel volumes were significantly smaller in group I than in II. In group I, 9 (4)% (mean (SD)) of the plaque volume was ablated, while in group II 16 (11)% was ablated (p = 0.01). This diVerence was reflected in a lower lumen volume gain in group I than in group II (46 (18) mm 3 v 80 (49) mm 3 (p < 0.02)). Conclusions-Preintervention lesion remodelling has an impact on the operative mechanisms of balloon optimised directional coronary atherectomy procedures. Plaque ablation was found to be particularly low in lesions with inadequate compensatory vascular enlargement. (Heart 2000;83:192-197) Keywords: intravascular ultrasound; ultrasonics; remodelling; coronary artery disease; atherectomy Histopathological examination of human coronary artery specimens and data obtained from animal models have shown that atherosclerotic arteries tend to undergo a compensatory remodelling process during the early phase of plaque accumulation 1 2 ; compensatory vascular enlargement accommodates the increasing plaque mass until a critical plaque burden is reached and lumen obstruction starts. Intravascular ultrasound provides transmural images of coronary vessels in vivo and permits accurate measurements of the lumen, vessel, and atherosclerotic plaque dimensions in a way not previously possible. [3] [4] [5] [6] [7] [8] [9] While early studies with intravascular ultrasound underlined the concept of compensatory vascular remodelling with adaptive vessel enlargement, 10 11 recent intravascular ultrasound studies suggest a larger variability in this mechanism 12 and show inadequate vascular enlargement (paradoxical "shrinkage") in some advanced atherosclerotic lesions.
Histopathological examination of human coronary artery specimens and data obtained from animal models have shown that atherosclerotic arteries tend to undergo a compensatory remodelling process during the early phase of plaque accumulation 1 2 ; compensatory vascular enlargement accommodates the increasing plaque mass until a critical plaque burden is reached and lumen obstruction starts. Intravascular ultrasound provides transmural images of coronary vessels in vivo and permits accurate measurements of the lumen, vessel, and atherosclerotic plaque dimensions in a way not previously possible. [3] [4] [5] [6] [7] [8] [9] While early studies with intravascular ultrasound underlined the concept of compensatory vascular remodelling with adaptive vessel enlargement, 10 11 recent intravascular ultrasound studies suggest a larger variability in this mechanism 12 and show inadequate vascular enlargement (paradoxical "shrinkage") in some advanced atherosclerotic lesions. [13] [14] [15] [16] [17] [18] [19] [20] Inadequacy, failure, or reversal of the compensatory mechanisms may thus at least in part contribute to the development of significant atherosclerotic lesions. 21 Using a validated three dimensional intravascular ultrasound approach, 17 22 we recently showed that plaque volume is smaller in lesions with inadequate compensatory vascular enlargement than in those with adequate compensatory enlargement. 17 This may have implications for the mechanisms of catheter based plaque ablation techniques, such as directional coronary atherectomy. [23] [24] [25] [26] Previous intravascular ultrasound studies mostly focused on the mechanisms of directional coronary atherectomy. [27] [28] [29] [30] [31] [32] [33] [34] In the present intravascular ultrasound study, we classified lesions on the basis of inadequate (group I) or adequate (group II) compensatory vascular enlargement, and examined the changes in lumen, plaque, and vessel volumes during balloon optimised directional coronary atherectomy procedures in relation to the state of adaptive remodelling before the intervention.
Methods

STUDY POPULATION
We examined 29 patients who had been successfully treated by directional coronary atherectomy followed by a routine balloon angioplasty (so called balloon optimised directional coronary atherectomy). 26 The study population comprised 26 men and three women, mean (SD) age 61 (7) years. We included in this study relatively straight lesion segments (angiographically documented) without major side branches, with no more than limited plaque calcification, and without complete occlusion of the lumen during the motorised intravascular ultrasound imaging run. Of the 29 de novo coronary lesions, 23 were located proximally and six were in mid segments. Sixteen lesions (55%) were located in the left anterior descending coronary artery, eight (28%) in the right coronary artery, and five (28%) in the left circumflex coronary artery.
As previously suggested, 17 lesions were divided into two groups based on preintervention intravascular ultrasound (IVUS) measurements. In lesions with inadequate compensatory vascular enlargement (group I), the vessel cross sectional area at the target lesion site (that is, site of smallest lumen cross sectional area) was smaller than that at the distal reference site; in lesions with adequate compensatory vascular enlargement (group II), the vessel cross sectional area at the target lesion site was larger than or equal to that at the distal reference site (fig 1) . The groups did not diVer in mean age, sex, lesion location, and procedural details.
The study was approved by the local councils on human research, and all patients signed a written informed consent form, approved by the local medical ethics committees.
INTERVENTIONAL PROCEDURE
All patients received 250 mg aspirin and 10 000 U heparin intravenously. If the duration of the entire catheterisation procedure exceeded one hour, the activated clotting time was measured, and intravenous heparin was given in order to maintain an activated clotting time of more than 300 seconds. After an intracoronary injection of 0.2 mg glyceryl trinitrate, the coronary artery was examined with IVUS.
Directional coronary atherectomy was then performed according to standard protocols. Predilatation was done in one patient before the atherectomy (but after the initial IVUS run). Atherectomy was performed using an average of 23 (11) cuts and a mean (SD) pressure of 1.7 (0.8) atm. The maximum cutter size of the atherectomy device (Devices for Vascular Intervention, Redwood City, California, USA) was 7 F in all patients. Subsequently, balloon angioplasty was performed in all patients using a nominal balloon size of 3.8 (0.5) mm at a maximum pressure of 9.4 (4.7) atm. The final IVUS imaging runs were performed after the balloon angioplasty (at the end of the interventional procedure). There was no procedural or postprocedural complication in hospital.
There was no significant diVerence between group I and II with regard to the characteristics of the interventional procedures: 24 (9) and 23 (10) atherectomy cuts were performed, the balloon size was 3.8 (0.6) mm for both, and the balloon inflation pressure was 9.7 (4.8) atm and 9.4 (4.7) atm, respectively.
INTRAVASCULAR ULTRASOUND IMAGING
Ultrasound imaging was performed after intracoronary injection of 0.2 mg glyceryl trinitrate, starting at least 10 mm distal to the lesion segment. We used a mechanical intravascular ultrasound system (ClearView, CardioVascular Imaging Systems Inc, Sunnyvale, California, USA) and sheath based imaging catheters. The catheter incorporated a 30 MHz bevelled, single element transducer rotating at 1800 rpm (MicroView, CardioVascular Imaging Systems). The catheters were equipped with a 2.9 F 15 cm long sonolucent distal sheath. The sheath avoided direct contact of the imaging core with the vessel wall when the ultrasonic transducer was withdrawn through the stationary imaging sheath, using a motorised pull back device at a constant speed of 0.5 mm/s. The ultrasound examinations were recorded on high resolution (s-VHS) videotape for oV-line analysis, using the three dimensional approach. 17 22 
COMPUTERISED INTRAVASCULAR ULTRASOUND ANALYSIS METHOD
The intravascular ultrasound image analysis was performed oV-line using a computerised analysis system. 17 22 35 36 The analysis system used the Windows (Microsoft, Redmond, Washington, USA) operating system on a personal computer. The computerised analysis required the digitisation of a stack of intravascular ultrasound images from videotape. Two longitudinal sections were automatically reconstructed (fig 2) , and the contours corresponding to the lumen-tissue and media-adventitia interfaces were automatically identified. The longitudinal contours were visually checked and, if necessary, edited with computer assistance. The longitudinal contours generated individual edge points on the planar images defining the centre and range of the automated boundary search on the planar images. Subsequently, contour detection of the planar images was performed. The planar contours were visually checked and, if necessary, edited with computer assistance. Finally, the correct contour data of the planar images were used for the computation of the results.
Further details of the automated contour detection and computer assisted contour editing have been reported previously. 17 22 35 Validation of the algorithm and analysis approach has been performed in tubular phantoms and atherosclerotic coronary specimen in vitro, and in clinical pullbacks in vivo. 17 37 INTRAVASCULAR ULTRASOUND IMAGE ANALYSIS Lesion segments with a length of about 20 mm (10 images/mm axial arterial length), centred on the target lesion site, were analysed oV-line, using the computerised intravascular ultrasound analysis system (fig 2) . 17 22 35 Reference images with the smallest plaque burden were acquired no more than 3 mm distal to the lesion segment. Care was taken to avoid any major side branch between the lesion segment and the reference site. Cross sectional area measurements at the reference site were obtained with the computerised analysis system (single frame mode). Cross sectional area measurements (mm 2 ) included the lumen and vessel cross sectional area. The vessel cross sectional area was measured by tracing the border between the hypoechoic media and the echoreflective adventitia. As in many previous studies using intravascular ultrasound, the cross sectional area (and thickness) of plaque plus media was used as a measure of atherosclerotic plaque area (and thickness) because ultrasound cannot measure media thickness accurately. Plaque cross sectional area was calculated as vessel cross sectional area minus lumen cross sectional area. The cross sectional area plaque burden was calculated as plaque cross sectional area divided by vessel cross sectional area.
Compensatory vascular enlargement was considered inadequate (group I) if the vessel cross sectional area at the site of the minimum lumen cross sectional area was smaller than that at the distal reference site (fig 1) . 17 If the vessel cross sectional area at the site of the minimum lumen cross sectional area was larger than or equal to the distal reference site, compensatory vascular enlargement was considered adequate (group II). 17 Volume measurements (mm 3 ) of the lumen, vessel, and plaque (based on 10 intravascular ultrasound images/mm axial arterial length) were calculated according to Simpson's rule as where H = thickness of a coronary artery slice represented by a single tomographic intravascular ultrasound image, and n = number of images in the three dimensional image set. The volume plaque burden (%) was calculated as plaque volume divided by vessel volume.
QUANTITATIVE CORONARY ANGIOGRAPHY
Angiographic measurements were performed oV-line on end diastolic frames with homogeneous opacification of the coronary lumen, acquired after intracoronary application of nitrates. 29 A computer based coronary angiography analysis system (CAAS, Pie Medical, Maastricht, Netherlands) was used. Measurements were performed by an experienced analyst in at least two projections, obtained from opposite (ideally orthogonal) angiographic views without overlapping side branches or foreshortening. Briefly, automated detection of the coronary artery contours was performed on the basis of the weighted sum of the first and second derivative functions applied to the digitised brightness silhouette. The diameter function of the coronary artery lumen was determined by computing the shortest distances between the edge points of the right and left contours. The absolute angiographic diameter of the stenosis was determined, using the nontapering part of the contrast-free guiding catheter as a scaling device. The minimal lumen diameter was measured by edge detection; the interpolated reference diameter was based on a computerised estimation of the original arterial dimension at the site of the obstruction. The diameter stenosis (%) was derived from the measured minimal luminal diameter (MLD) and the interpolated reference diameter (RD) as [(MLD − RD) / RD] × 100.
STATISTICAL ANALYSIS
All quantitative data are given as mean (SD). Dichotomous variables are expressed as frequencies. Continuous variables are compared (2) (1) using the two tailed Student t test and linear regression analysis. Probability (p) values < 0.05 are considered statistically significant.
Figure 2 Principle of automated three dimensional intravascular ultrasound image analysis. Detection of the contours corresponding to the lumen-tissue and media-adventitia interfaces (1) is first performed on two perpendicular longitudinal sections (A, B), reconstructed from the image data of the entire three dimensional "stack" of images. Edge information of the longitudinal contours are represented as points on the planar images (2), defining there the centre and range of the final contour detection process (3).
Results
PREINTERVENTION REMODELLING
On average, at the minimum lumen site (lumen area, 2.6 (1.3) mm 2 ) the vessel and plaque cross sectional area was 15.9 (5.1) mm 2 and 13.4 (4.4) mm 2 (84 (7)% plaque burden); at the (distal) reference segment site, the vessel and plaque cross sectional area was 13.8 (4.8) mm 2 and 6.5 (2.5) mm 2 (47 (11)% plaque burden). Ten lesions showed inadequate compensatory vascular enlargement (group I) with a vessel cross sectional area that was smaller at the minimum lumen site than at the reference site (12.8 (3.3) mm 2 v 13.9 (3.6) mm 2 , p < 0.001). In the other 19 lesions (group II), the vessel cross sectional area at the minimum lumen site was larger than or equal to that at the reference site (17.6 (5.2) mm 2 v 13.8 (5.5) mm 2 , p < 0.0001). There was no significant diVerence between the cross sectional area measurements at the reference site of both groups. VOLUMETRIC In group I and II, plaque ablation and vessel expansion contributed to the increase in lumen volume, but the proportion of the two operative mechanisms was diVerent (fig 3) . For both groups, there was a significant linear relation between the plaque volume present before the intervention and the plaque volume ablated (group I, r = 0.75, y = 0.14x − 8.9, p < 0.02; group II, r = 0.48, y = 0.14x + 6.0, p < 0.04).
QUANTITATIVE CORONARY ANGIOGRAPHIC DATA
Overall the minimum lumen diameter and the reference diameter increased during the intervention from 1.15 (0.35) mm to 2.73 (0.53) mm and from 3.27 (0.62) mm to 3.50 (0.51) mm, respectively. This led to a reduction in diameter stenosis from 64 (14)% to 21 (14)%. There was no significant diVerence between group I and group II, either before or after the intervention (table 3) .
Discussion
Intravascular ultrasound permits the tomographic assessment of coronary arteries in vivo. 4 5 Accurate cross sectional area measurements of lumen and plaque can be obtained, as the atherosclerotic plaque can be well diVerentiated from both lumen and adventitia. Indeed, this method is ideal for the thorough assessment of plaque distribution, remodelling of atherosclerotic lesions, and the changes that occur during catheter based coronary interventions. 3 The results of our volumetric intravascular ultrasound study confirm previous ultrasonic studies 4 28 29 31-34 that addressed the mechanisms of directional coronary atherectomy and identified both plaque ablation and vessel expansion as significant operative mechanisms of balloon optimised directional coronary atherectomy ( fig  4) . However, our work enlarges on these previous studies, as it examines the procedure induced changes in lumen, plaque, and vessel volumes in relation to the preintervention remodelling state.
MAIN FINDINGS
Our data show that preintervention lesion remodelling has an impact on the operative mechanisms of balloon optimised directional coronary atherectomy and on the procedure induced changes in lumen, plaque, and vessel volumes. Inadequate compensatory vascular enlargement, which is associated with smaller plaque and vessel volumes, 17 was found in one third of the lesions examined (group I). In these lesions, significantly less plaque was ablated (p < 0.01), and this was reflected in a smaller lumen volume gain (p < 0.02). Moreover, there was a significant (p < 0.04) linear relation between preintervention plaque volume and the plaque volume ablated. Both plaque ablation and vessel expansion contributed in the two groups to the increase in lumen volume. However, in lesions with inadequate compensatory vascular enlargement before the intervention, plaque ablation played a minor role.
THREE DIMENSIONAL INTRAVASCULAR ULTRASOUND ASSESSMENT OF LESION
REMODELLING
Reliable assessment of vascular remodelling based on intravascular ultrasound images requires accurate and reproducible measurements at the minimum lumen site (target lesion site) and the reference site. 17 35 In the present study, a recently validated intravascular ultrasound analysis system was used, which permits a computer assisted detection of the lumentissue and plaque-adventitia interfaces in a three dimensional image set of an entire coronary segment 17 22 35 36 ; the analysis system was applied oV-line. With the use of ECG gated image acquisition techniques and further improvement of the computer assisted contour analysis method, such analyses may soon be available online in the catheterisation suite. 36 This will ensure the most objective evaluation of the minimum lumen site and remodelling state of coronary lesions before an intervention, to facilitate clinical decision making.
CLINICAL IMPLICATIONS
Our observations in the present study show that plaque ablation by directional atherectomy is significantly reduced in lesions with inadequate compensatory enlargement. This may rationalise recently published data, 35 which indicate that lesions with inadequate compensatory vascular enlargement show less favourable angiographic follow up results after successful directional coronary atherectomy. Perhaps directional atherectomy may be inappropriate for the treatment of lesions with inadequate compensatory vascular enlargement, as vessel expansion is the main operative mechanism in lesions with this type of vascular remodelling. Alternatively, the combination of intravascular ultrasound imaging and atherectomy devices in a single tool could lead to an improvement in plaque ablation, which may be particularly useful in lesions with inadequate compensatory vascular remodelling. Nevertheless, answering these questions will certainly require prospective randomised trials in larger study populations.
LIMITATIONS OF THE STUDY
Our study protocol did not allow a direct distinction between the eVects of directional atherectomy and balloon angioplasty. Nevertheless, such distinction may not be very interesting, as balloon optimisation following directional atherectomy is common clinical practice. 25 26 Second, our data were derived from a series of patients with successful balloon optimised directional coronary atherectomy. Therefore no conclusions can be made regarding the primary success rate of directional coronary atherectomy in lesions with diVerent preintervention remodelling states. Third, because with intravascular ultrasound the external vascular boundary cannot be seen in the acoustic shadow behind calcium, we did not include lesions with severe plaque calcification. Fourth, as in all studies with intravascular ultrasound, intracoronary injections of nitrates were performed before the ultrasound examination in order to prevent vasospasm; no angiographic changes before and after the intravascular ultrasound imaging procedure were observed, but this does not exclude local vasospastic activity. Finally, linear three dimensional systems, as used in the current study, provide only approximate volumetric measures because they do not account for the presence of vascular curvature. In the current study, only relatively straight coronary segments on the angiogram were included to minimise curve induced error in the volume calculation.
CONCLUSIONS
Our data in this volumetric study show an impact of preintervention lesion remodelling on the operative mechanisms of balloon optimised directional coronary atherectomy procedures. Plaque ablation was found to be particularly inadequate in lesions with inadequate compensatory vascular enlargement.
